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Abstract. The construction of main pipelines is now predominantly carried out using
high-strength steels. This makes it possible to increase pipeline capacity while maintaining the
existing pipe geometry. However, the issue of ensuring the strength of such pipelines in the
presence of surface defects is still relevant. This is especially true for pipeline segments that are
located in hard-to-reach places, and therefore, it is difficult to repair and restore. At the same time,
the introduction of high-strength steels involves a complex system of material alloying and special
thermo-mechanical strengthening technologies. As a result, special structures of increased
strength can be produced, but they are sensitive to reheating, in particular when welding
technologies are used. This is due to the formation of a special zone of thermal deformation
influence in the vicinity of the weld. Material properties of the pipes differ from their original
characteristics. The stress-strain state is formed, which also affects the strength of the welded
pipeline. The nature of the stress-strain state of welded joints of pipes made of high-strength
materials differs from the well-studied stress distributions in pipelines built in the past sixty-eighty
years of the past century. In particular, several localized maxima of stresses can be located not
only on the weld axis but also in the zone of thermal deformation influence. Therefore, it is
important to evaluate the effect of weld stresses in welded joints of high-strength steel pipes on
the strength of the pipeline in the presence of surface defects. Since the defect may be located at
an arbitrary distance from the weld axis, the predicted strength of the welded pipeline segment
can vary significantly.

Keywords: main pipeline, high-strength steel, weld stresses, welded joints, pipes, surface defects,
static strength, welded joints of pipelines, two-parameter criterion.

1. Introduction

The use of high-strength steels for pipelines creates conditions for increasing amounts of
transported hydrocarbons due to an increase in operating pressures. It is known [1, 2] that it is now
possible to obtain significant pressures of transported products, which can range from 12 to
20 MPa. This also makes it possible to increase the distance between individual pumping stations.
Such approaches are especially relevant nowadays when pipelines are laid across sea areas. In
recent decades, the scope of developed offshore fields and, accordingly, pipelines has increased

'VIBROENGINEERING PROCEDIA. DECEMBER 2025, VOLUME 60 6 1 5


https://crossmark.crossref.org/dialog/?doi=10.21595/vp.2025.25420&domain=pdf&date_stamp=2025-12-22

STRESS-STRAIN STATE OF A WELDED HIGH-STRENGTH STEEL PIPELINE IN THE PRESENCE OF SURFACE DEFECTS.
ANDRIT DZIUBYK, ANDRIY DZHUS, LIUDMYLA DZIUBYK, Y AROSLAV KAPUSHCHAK, YURII POROKHOVSKYI, VITALIY KORENDIY

by more than 25 % [3]. However, such pipelines are constantly exposed to aggressive media.
Therefore, it is important to continuously diagnose the technical state of repair of the main
pipelines in order to identify defects and determine their operational strength. The existing results
of diagnosing main pipelines by non-destructive methods show that the most typical are surface
defects on the outside or inside of the pipe [4, 5]. The size of such defects can range from 20 % to
70 % of the nominal pipe wall thickness. At the same time, defects in the vicinity of welds are
additionally affected by technological stresses because of the welding cycle [6]. Ring welds are
particularly dangerous, as they are often made immediately at the construction site. This causes
the risk of unpredictable external influences and increases the likelihood of surface defects in
welded pipe joints. The latter factor is so important that work [1] points out the need to take into
account the conditions of pipeline welding when developing new high-strength pipe steel grades.
Such steels are characterized by an increased content of alloying elements that ensures a
fine-grained structure and high strength of structural components [7]. In such a case, special new
methods of controlled thermomechanical treatment are used, in particular the so-called TMCP
process of material hardening followed by rapid cooling [1, 2, 8]. However, the homogeneity of
such a material is disturbed by the thermal cycle of welding. This is due to local heating of the
material to the melting point with the simultaneous occurrence of significant thermal deformations
and recrystallization of the welded areas. The so-called zone of thermal deformation influence is
formed, which differs in its characteristics from the weld metal and the base material [9, 10]. At
the same time, recrystallization of the base material is often accompanied by low-temperature
transformations. The latter are often diffusionless due to the rapidity of the welding process, which
leads to the formation of microstructural (structural) stresses.

These structural stresses, in combination with temperature stresses, lead to the formation of a
complicated stress-strain state in the welded joint. Such a stress-strain state is characterized by the
emergence of maximal values in the most weakened part of the welded pipe joint — the zone of
influence of thermal deformation, and slightly lower stress values are observed on the weld axis
[6]. These factors are additional but permanent in welded pipeline structures. Various calculation
and experimental methods are used to study such stresses. However, the experience of diagnosing
structures of long-term operation shows that a combination of experimental and computational
methods is advisable. In particular, papers [6, 11, 12] reveal the essence of such a method based
on solving the inverse problem of a welded pipeline joint with its intrinsic residual deformations
determined on the basis of experimental data. At the same time, the presence of surface defects in
the vicinity of welds weakens the strength of the pipeline and affects its operational reliability.
The issue of the influence of axial welding stresses on the strength of a welded joint of a pipeline
that is made of high-strength steel was partially disclosed in [6]. In particular, the effect of
compressive stresses on the outer surface of the welded joint, which contributes to the inhibition
of defect opening, was studied. However, the paper does not show the effect of the defect location
relative to the weld axis. It is also advisable to consider the effect of annular stresses, which are
higher than axial stresses. These stresses are tensile on both the inner and outer surfaces of the
pipe. In this case, setting the strength depending on the pipe surface would also have an impact on
the static strength of the pipeline.

2. Literature review

To study the static strength of pipelines containing pipe material defects, the brittle-ductile
fracture criterion is widely used, which is denoted in the special literature as the two-parameter
criterion R6 [13, 14]. This approach makes it possible to take into account the size of the defect
under consideration, operational loads on the pipeline, characteristics of the base material,
geometric dimensions of the pipeline, etc. At the same time, papers [12, 15, 16] developed the
aforesaid methodology and showed an approach for the complex consideration of operational and
technological (welding) stresses in the vicinity of the defect. However, given the characteristics
of low-alloy pipe steels discussed in [15, 16], the main focus is on the strength of the pipeline
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when the defect is located on the weld axis. There, the welding stresses reached their maximum
and were the most dangerous. Similarly, papers [17, 18] show the operating conditions of a main
pipeline in the presence of global bending stresses in the above-ground segments of main
pipelines. There, defects on the weld axis were also considered, where the total effect of all
components of the stress state was maximum.

The analysis of literature data [6, 19-21] shows that under certain conditions, the maximum
stress values can be shifted by a certain distance relative to the weld axis into the zone of thermal
influence of the welded pipe joint. This is most often due to the use of materials that are subject
to low-temperature transformations when the welded joint is being cooled. The physical essence
of this process is as follows. It is known [9, 21] that during arc welding, elastic and plastic
deformations occur due to the counteraction of temperature deformations of less heated areas of
the welded joint relative to more heated areas. As a result, when the welded joint cools down
completely, residual intrinsic stresses, which are also called welding stresses, occur [11, 12, 15,
16]. However, in the case of welding high-strength steels, rapid transformations of austenite into
martensite-type hardening structures are possible. This leads to an abrupt increase in the specific
volume of the material, but adjacent areas without structural changes prevent this from happening.
As a result, compressive stresses emerge in areas with quenching structures, and tensile stresses
arise in adjacent parts of the base metal, which intensify the growth of plastic deformations. As a
result, the unevenness of elastic-plastic deformations leads to a similar pattern of residual welding
stresses. In this case, the peak stress values are shifted relative to the weld axis, and the stress
gradient increases. Similar effects can be observed when using welding materials that differ
significantly in their structural and phase composition from the base material of high-strength
steel. In particular, such steels are characterized by austenitic and bainitic welds. However, in the
fusion zone, defects such as metal grain boundary tears can be formed, as shown in [19, 20, 22].

Consequently, in the vicinity of the weld, over a relatively small interval, there is a complicated
stress state that is redistributed both in magnitude and direction. Computational approaches,
including the finite element method, are widely used to model such stresses [23-26]. In this case,
it is important to have information about the physical and mechanical characteristics of the
material in a temperature range from room temperature to the melting point. However, for the case
of circular welding seams, such estimates are approximate and difficult to predict due to the
welding process being completed directly at the construction site. Experimental methods for
determining welding stresses are quite approximate and time-consuming due to the complexity of
implementation and are more applicable in laboratory conditions [11, 16, 24, 26]. At the same
time, the unevenness in the magnitude and direction of stresses in the vicinity of the welded joint
makes it difficult to identify them over the whole region of their distribution. Therefore,
approximate experimental and computational approaches based on the consideration of predefined
characteristics of residual stresses, plastic deformations, etc., are more widely used [6, 12, 16]. By
minimizing the sum of squares of the differences between theoretical and experimental data, it is
possible to obtain numerical values of functions to describe residual plastic deformations in the
vicinity of the weld [11, 12, 15, 16, 27]. As a result, it is possible to construct the distribution of
residual stresses in an arbitrary cross-section of a welded pipe joint. That is, it is possible to take
into account the technological stresses that occurred at all stages, from transportation,
construction, to commissioning of the pipeline. This application of complex diagnostic approaches
makes it possible to obtain reliable data on pipe damage. At the same time, for the case of high-
strength steels, the complexity of the experimental studies used is important [6, 10, 19, 20, 28],
since welding stresses here have a significant redistribution over small intervals. In [6], a
functional relationship was proposed to describe the elastic-plastic behaviour of high-strength
steels in welding. However, the mathematical expressions for their implementation in the
calculation of residual welding stresses are not sufficiently disclosed.

Then, for the known distribution of residual stresses of welded joints made of high-strength
steels, we apply the known approaches of fracture mechanics [11, 12, 15, 16, 27] to solve the
problem of residual strength of a pipeline with surface defects in the vicinity of the circular
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welding seams. This is especially important for establishing the acceptability of defects and the
possibility of operating pipeline segments under specified operating loads. This approach is also
necessary to determine the order of repair and restoration work.

Compared with previous studies on welded joints of main pipelines [6, 11, 12, 15, 16, 27], the
present work provides several novel contributions. First, the analytical description of the plastic
deformation field is extended by introducing additional parameters 3, y and § in Eq. (3), which
makes it possible to reproduce residual stress distributions with maxima shifted from the weld
axis into the heat-affected zone (HAZ) of high-strength steels. Second, the two-parameter
fracture-assessment procedure is generalized to surface annular and axial defects located at
arbitrary distances b from the weld axis on both the inner and outer pipe surfaces. Third, the
calculated safety factors are discussed in the context of a fitness-for-service assessment consistent
with the API 579-1/ASME FFS-1 approach, providing guidance on the acceptability of defects in
welded joints of high-strength steel pipelines.

3. Research methods

The static strength of a welded joint of high-strength steel pipes in the presence of a surface
defect was studied using the two-parameter criterion of brittle-viscous material fracture. The
analytical solution is presented in detail in [11, 16, 26, 27] and allows us to take into account the
mechanical characteristics of the material and the available residual welding stresses. However, it
should be noted that the approaches used in this work and the implemented software make it
possible to study the strength of the pipeline at an arbitrary position of the defect relative to the
weld axis. A schematic of a surface defect on the outside of a pipe modeled by a hemi-elliptical
crack with semi-axes a and c, with a pipe thickness t and a distance from the weld axis b is shown
in Fig. 1. Similar notations are used for the defect located on the inside of the pipe. This approach
to modeling defects by a crack is more conservative, but is justified for the critical structure under
consideration — the main pipeline.

weld seam

N\ \

zone of thermal deformation base metal
impact of the welded joint of the welded joint

Fig. 1. Schematic of a hemi-elliptical surface defect in the vicinity of a circular weld in a pipe

Depending on the distance taken from the defect center to the weld axis (b), the defect can be
located both on the weld axis and in the zone of thermal deformation of the welded joint and thus
be subject to different effects of residual welding stresses. It should be noted that as the defect
moves away from the weld axis into the base metal by a considerable distance, the defect will be
subjected only to the operational loads caused by internal pressure.

Based on the construction of the boundary between the safe and dangerous states of the welded
pipeline, the corresponding ratios for determining the safety factors in the presence of residual
welding stresses were obtained [11, 16, 26, 27]:
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where K, is the dimensionless stress intensity factor (SIF) that characterizes brittle fracture in the
vicinity of a crack tip; ¢" = K5 /KH; KH and K['®S are the dimensionless SIFs corresponding to
the action of external load and residual stresses;or andog are the limits of proportionality and
strength of the material, respectively; S, is the parameter of ductile fracture of the material.

Then, using the relevant regulatory documents [11, 16, 26, 27], it is possible to establish the
level of danger of the defect and the possibility of continuing the operation of the pipeline. It is
also possible to make managerial decisions on the scope of repair work, the characteristics of the
work, and the repair methods used, the reduction of transportation operating pressures before the
start of repairs, etc.

The expressions given in [13, 14] were used to calculate S, and the SIFs K; and K{®°. Here,
we consider the case when the stresses normal to the crack banks can be approximated by the shell
thickness with a polynomial expression:

2 3 4

o(x) =0y + 0y (f) + o, (E) + 03 (E) + 0, (E) , (2)

t t t t

where x is the coordinate along the normal to the outer wall, and t is the thickness of the shell.
At the same time, appropriate software has been developed to calculate the influence
coefficients included in the expressions for calculating the SIFs and given in the special literature
[11, 13, 14, 16] in the form of tables. It makes it possible to calculate these coefficients for a wide
range of pipe geometric characteristics and crack sizes. This takes into account the relevant

limitations given in [11, 16, 13, 14]: 0.2 < a/t < 0.8, 1.0 < 2 <320,5< § < 1000, where R
is the radius of the pipe’s center surface. Also, the average value of the acting residual stresses in
the vicinity of a hemi-elliptical defect of certain geometric dimensions was determined.

To evaluate and take into account the effect of residual welding stresses on the static strength
of the pipeline, we use a special influence factor k,,, which is given in [6]. It determines the ratio
between the calculated values of the safety factors of the pipeline in the zone of residual stresses
(n,) and outside this zone (n).

To use Egs. (1) and (2), it is necessary to have information on the stress distribution in an
arbitrary cross-section of a welded pipe joint. Therefore, in this case, it is most appropriate to
apply the experimental and computational method analyzed above. The essence and features of
solving the inverse problems, based on the use of available data, are presented in [11, 12, 15, 16,
27, 28]. In this case, it is advisable to use the relations to describe the distribution of residual
plastic deformations given in [6] and characteristic of low-temperature deformations in the annular
(e/(g) 5 (@, 7)) and axial (e, (a,v)) directions of the welded pipe joint:

{efg’ﬁ (a,7) = —e1 i) [$1(a)S? (@) — popo()S5 ()], 3)

eqa(@,y) = —&3£,(N)[¢2(a)SF (@) — p3p3(@)S3 ()],
where y is the coordinate of the outer normal line to the middle surface of the pipe with a radius
R; a is the dimensionless coordinate along the pipe axis; SP(a) =1, |a| < a;; SP(a) =0,

|a| > a;; a; = b;/R; b; are the coordinates of the plastic deformation zone; ¢;(a) =1+
sia?/af — (B +2s)a*/af + (2 +s) a®/af and i) =1+qy/h—n;y*/h?
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q; < n; <1 are functions of change in plastic deformations transverse to the weld axis and along
the pipe thickness, respectively; 2h is the pipe thickness i = 0, 1, 2, 3, 4; €/, q;, 1, S;, Po, P3 are
numerical parameters determined by welding or external influences on the welded joint under
consideration. In further calculations, let us consider the following notations: €* = £*(x, y) is the
incompatible plastic strain introduced to represent the plastic deformation zone in the vicinity of
the circumferential weld; po is the mid-surface radius of the undeformed pipe; by is the
characteristic half-width of the plastic deformation zone along the weld axis. The dimensionless
parameters a, 3, ¥, 8, u and v control the shape and localisation of the incompatible plastic strain
field in the axial and circumferential directions.

Based on the method proposed in [11, 12, 15, 16, 27, 28] for solving the problem of residual
stresses caused by an incompatible field of plastic deformations, a solution was obtained for the
case of pipe welding, taking into account Eq. (3). This made it possible to formulate expressions
for calculating axial g4, and annular app stresses in a welded pipe joint:

Gaa(@,y)
A 14 n
= mﬁ{_v 3(1 —p?) (1 - ?) [F21(a) — poFzo(a)]
+ uqq[Fi1 (@) — poFio(@)] + kqy[Fiz(a) — p3Fis (05)]} @)
1 1 2
taom (g - %) {uni[¢1(@)S? (@) — popo(a)S3 ()]
+ kn, [¢>2£a’)5§ (@) — p33()SI ()]},
g, y) = W(Q) + pdaa(a,y) + fi(y) [P1(@)SP (@) — popo (@)Sg ()], (5)
where Fgj(a) = ff‘;i $:(&) exp[—=2l¢ — al][cosA(§ — @) + (=1)/'sinA(§ — a)]d¢;

1

24 = 3R%(1-4%),
&R

4z’
0;j(a,y) = ELS;UU(“,Y)

Eqgs. (4) and (5) include arbitrary numerical parameters &/, q;, 1;, S, Po, P3» characterizing the
distribution of residual deformations e]-(} (j = a, B). These parameters depend not only on the
welding method and modes. Their value is also affected by the welding process technique, spatial
position, presence of external disturbing factors, etc. Therefore, for specific welded joints, these
parameters are determined based on solving the inverse problem of the theory of shells [11, 12,
15, 16, 27, 28] using available experimental data.

In this work, the numerical parameters «, 8, y, §, u and v describing the incompatible plastic
deformation field in Eq. (3) were obtained using an experimental-computational identification
procedure. Residual stress fields were first measured for full-scale welded joints of main-pipeline
pipes by the optical speckle-interferometry method, as described in detail in [15, 16]. On the basis
of these experimental data, the inverse problem of the shell theory with intrinsic strains was solved
by minimizing a discrepancy functional between calculated and measured displacements and
strains, following the methodology outlined in [11, 12, 27, 28]. For the present analysis, we use
the set of parameters calibrated and validated in [6, 27] for high-strength steel pipes of similar
diameter, wall thickness and welding procedure, which ensures that the reconstructed axial and
annular residual stresses reproduce the measured profiles with sufficient accuracy.

i=1,2j=12, 3 W)=

W (a) is the deflection of the shell;

4. Research results

The static strength of the welded joint was calculated for the case of a high-strength steel
pipeline with a diameter of 1020 mm and a wall thickness of 12 mm. The mechanical
characteristics of the steel, the value of the internal pressure, and the numerical parameters of the
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plastic deformation field were taken similarly to the data given in [6, 27]: E = 2.1x10° MPa;
u=0.3; g, =760 MPa; gy, = 690 MPa; p = 6.0 MPa; b; = 14; b, = 10; b; =8; s = 1;
S, = 2; 53 = 1; p3 = 0.6. The values of n; were taken equal to 0.25.

When calculating residual stresses, the influence of the numerical parameters pg, by, So on the
nature of stress changes was studied. In particular, Fig. 2 shows the distribution of annular stresses,
which are larger in magnitude compared to axial stresses and are predominantly tensile. The
calculations were performed for zero values of the studied numerical parameters (o, = 0; by = 0;
So = 0), similar to those established in [6] (dashed lines), and also for the following accepted
values of numerical parameters: by =5, s, =3 (solid lines). For convenience, the calculation
results are denoted as py = 0 and p, = 0.2, respectively.

The analysis of the results shows that the use of numerical parameters py, by, S, makes it
possible to obtain a local minimum stress on the weld axis with a shift of the maximum values to
the zone of thermo-deformation influence. Such a characteristic stress state is typical for welds
with low-temperature structural transformations such as austenite or bainite [6, 19, 20]. With the
distance from the weld axis, the distribution curves of the annular stresses (Fig. 2(a)) coincide,
and the axial stresses (Fig. 2(b)) are similar in nature. That is, the proposed relations Eqgs. (3)-(5)
provide an extension of the scope of the mathematical model of the considered experimental and
computational method.

WP
J

£ 30—

200 —f

axis of the welded joint

axis of the welded joint

20 -10 0 10 20 20 -10 0 10
z,mm z,mm

a) b)
Fig. 2. Distribution of welding stresses in a welded pipe joint: a) annular (ggg); b) axial (04¢);
solid lines —p, = 0.2; dashed lines — p, = 0; +h and —h are stresses on the outer
and inner surfaces of the pipe, respectively

The parameters of the surface defect under consideration (Fig. 1) were taken as follows:
a =3 mm; ¢ =3 mm; ¢ = 0. The location of the defect was considered for the following cases:
outside and inside the pipe. The distance from the weld axis (b, mm) varied from 0 mm to 20 mm
in 5 mm increments. The calculation of the safety factors in the zone of residual stresses (n,.) and
outside this zone (n) and the influence factor (k,,) was performed for the stress distribution shown
in Fig. 2 at the accepted values of the numerical parameters: p, = 0.2; by = 5; s; = 3. In this
case, it is assumed that the temperature difference (At = 0), which causes the occurrence of axial
force in the pipeline, is absent.

The results of calculations for an annular defect in a welded joint on the inner or outer surfaces
at different distances from the weld axis are given in Table 1.

The results show that in the absence of residual stresses, the safety factors remain constant at
different distances from the weld axis. However, the presence of axial residual stresses from the
welding cycle introduces changes in the value of the safety factor. This influence is not
unambiguous, in particular, in the case of compressive stresses on the outer surface of the pipeline
(Fig. 2(b)), the safety factor (n,.) will increase significantly compared to the values of the factor
outside the weld (n). At the same time, tensile stresses on the inner surface of the pipeline
(Fig. 2(b)), on the contrary, reduce the value of this coefficient (n,) compared to the value of the
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coefficient (n) outside the weld. With the distance from the weld axis, the stress value decreases,
which brings the values of the considered strength factors (n,.) and (n) closer to each other. This
tendency can be clearly observed in the values of the residual stress influence factor. The results
obtained correlate well with those reported in the specialized literature [6].

If the temperature difference (At = 0) in the pipe body is taken into account, which is typical
for open sections of pipelines, in particular beam crossings over obstacles [17, 18], an additional
axial tensile force arises. Therefore, this axial force will reduce the value of the pipeline safety
factor. The calculation results for the case of a temperature difference of +30 °C are shown in
Table 2.

Therefore, when examining above-ground pipeline sections, it is important to establish the
temperature of the structure (the so-called welded joint closure temperature) and compare it with
the observed temperature conditions. In this case, it should be noted that the effect of compressive
stresses from welding is less on the investigated value of the safety factor (n,.). However, in terms
of absolute value, these safety factors (n,.) still exceed similar values outside the weld (n).

Table 1. Safety factors of a welded pipeline joint Table 2. Safety factors for welded joints with

with an annular defect on the inner or outer surfaces annular defects on the inner or outer surfaces
and no temperature difference and temperature drop in the pipeline
b,mm| 0 | 5 [ 10 | 15 [ 20 b,mm| 0 | 5 [ 10 [ 15 | 20

External defect, n = 3.4885 External defect, n = 1.8169

n, [6.269916.3331/4.9912/4.0055|3.8072 n, |2.1034/2.1090/2.0014(1.9199|1.8897

k, [1.7972]1.8154]1.4307[1.1482(1.0914 k, [1.1577]1.1608]1.1016/1.0567|1.0401
Internal defect, n = 3.2590 Internal defect, n = 1.7546

n, [3.0481]3.0665|3.0518/3.0376| 3.080 n, |1.6891]1.6951|1.6903|1.6856|1.6994

k, 10.9353]0.9410]0.9364]0.9321]0.9451 k, 10.9627]0.9661/0.9634/0.9607|0.9686

In both cases under consideration (Table 1 and Table 2), the absolute values of axial stresses
(04q) and their change with distance from the weld axis (Fig. 2(b)) were not significant, and
therefore the effect on the value of the safety factor of these stresses was proportional. However,
the study of annular stresses (ogg) shows that their magnitude can reach significant absolute
values. The gradient of these stresses is also characterized by a significant difference (Fig. 2(a)).
To study the effect of annular stresses, we consider the static strength of a pipeline with axial
defects. The temperature difference for this type of defect does not affect the static strength of the
pipeline, since it causes axial, not annular, stress. Table 3 shows the values of the safety factors
and the impact of the pipeline section with surface axial defects in the vicinity of the welded joint.

Table 3. Safety factors for welded joints with an axial defect on the inner or outer surfaces in a pipeline
bbmm| 0 | 5 [ 10 [ 15 [ 20
External defect, n = 1.2793
n, 1.1433 | 1.1180 | 1.1849 | 1.3293 | 1.3456
k, 0.8937 | 0.8739 | 0.9662 | 1.0391 | 1.0518
Internal defect, n = 1.2704
n, 1.1165 | 1.0933 | 1.1591 | 1.2918 | 1.2704
k, 0.8789 | 0.8606 | 0.9124 | 1.0169 | 1.0328

Analysis of the data in Table 3 shows that an increase in the absolute values of tensile ring
stresses significantly reduces the safety factor (n,.). At the same time, the minimum values of (n,.)
are observed outside the central section of the weld in the area of the zone of thermal deformation.
Further, there is a gradual increase in the coefficient (n,.), which is probably due to a rapid decrease
in tensile stresses with the transition to compressive stresses (Fig. 2(a)). For the inner side of the
pipe, the safety factor (n,.) is lower compared to the outer side. However, the pattern of change in
the absolute values of the coefficients (n,) is similar for both sides.

From the viewpoint of the adopted two-parameter fracture criterion, the safety factor nr defines
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the ratio between the critical load (or stress intensity) and the applied load for a given defect size.
Thus, n,. = 1.0 corresponds to the boundary of admissibility, whereas n,, > 1.0 indicates that the
assessment point lies inside the safe region of the failure assessment diagram, and n, < 1.0
indicates that the defect is not acceptable at the considered load level. This interpretation is
consistent with fitness-for-service methodologies such as API 579-1/ASME FFS-1, where
acceptability is formulated in terms of remaining strength or safety factors and failure assessment
diagrams for crack-like flaws [13]. In practice, values of nr slightly below 1.0 (for example, the
minimum n,. = 0.8937 in Table 3) indicate that, at the assumed internal pressure, an axial defect
located in the HAZ does not satisfy the fitness-for-service acceptance criteria and would require
mitigation measures. Such measures typically include a reduction of the allowable operating
pressure (re-rating) to obtain n, = 1.0, followed by repair or replacement during the next
maintenance interval. For long-term safe operation, industrial practice often requires additional
margins (for example n,, = 1.1...1.2) depending on the reliability class of the pipeline and the
consequences of failure.

5. Conclusions

The use of high-strength steels for the manufacture of main pipelines requires the use of
methods for diagnosing residual welding stresses that take into account the presence of
low-temperature transformations in the zone of thermal deformation. In this case, the nature of the
stresses is characterized by the presence of several local extremes with a shift of the largest values
to the areas of the base metal of the welded joint adjacent to the weld.

Establishing the static strength of welded joints of high-strength steels in the presence of
surface defects requires determining not only the operating loads, but also the residual stresses
and geometric position of the defect. This is due to the ambiguous effect of welding stresses on
the value of the safety factor. In particular, in the presence of compressive stresses, the safety
factor will increase, and in the presence of tensile stresses, it will decrease. In the case of
high-strength steels, the lowest values of safety factors are found in the zone of thermal
deformation in the presence of tensile residual stresses. Given the same geometric dimensions of
defects, defects located on the inner surface of the pipe are more dangerous, since the safety factors
are smaller.

The obtained minimum values of the safety factor nr for axial defects in the HAZ (down to
n, = 0.89) indicate that such defect configurations are not acceptable at the considered internal
pressure and require either pressure reduction or repair according to a fitness-for-service
assessment consistent with API 579-1/ASME FFS-1.

In summary, the introduction of the parameters 5, y and § into the residual-stress model
enables a realistic description of stress maxima shifted into the HAZ of high-strength steels, and
the analysis of defects at different locations relative to the weld axis quantifies their influence on
safety factors within a fitness-for-service framework.
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